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B. BACKGROUND
The standard ASTM E659 test procedure is used to measure autoignition temperatures of liquid chemicals.
Using this ASTM E659 method to study the effect of fuel structure and surface composition is hampered by the test specifications.
The ASTM E659 test specifies glass as the only surface material and allows relatively long-duration exposures of the fuel to the hot surface.
Unfortunately, most of hot surfaces encountered in aircraft, engines, hydraulic systems, heaters, and exhaust duct are steel, aluminum, nickel and titanium alloys, typically not glass. A more realistic test method would allow a selection of materials, metals and nonmetals, to act as the hot surface Secondly, if the fuel is allow to contact the hot surface over a long time, the fuel begins to decompose chemically which changes the autoignition temperature.
A method for measuring autoignition temperatures on a variety of hot surfaces involving short times would greatly reduce the unknown extent of fuel decomposition and would provide more meaningful data on fuel structure and surface effects.
Such measurements are also more relevant for determining hazards arising from malfunctions and accidents, where exposure times are short.
C. SCOPE
In this investigation an experimental method is developed for the reliable determination of autoignition temperatures under a variety of conditions which involve short-duration exposures of controlled fuel/air mixtures on three metal surfaces.
The primary emphasis is on fuel structure effects, so that a2-reliable data base can be established for testing the proposed mechanisms of autoignition. 
D. TEST METHOD
In our apparatus a flowing gas phase fuel stream impinges on a hot surface whose composition and temperature are controlled.
Under these experimental conditions there are a large number of parameters which can influence the measured autoignition temperature. These include the following: fuel structure, surface material, surface temperature, fuel/air stoichiometry, surface size, surface orientation, initial fuel/air temperature, contact or residence time (fuel/air velocity), condition of surface, pressure, and heating rate of surface.
Our strategy is to vary the first four parameters systematically and to keep the remaining parameters fixed.
In addition, autoignition temperatures can vary strongly with the fuel/air mixture ratio, especially for catalytic surfaces such as platinum.
In order to establish accurately what are the fuel structure effects on the ignition temperatures, three different stoichiometric conditions were investigated. The conventional ASTM procedure does not control the fuel/air stoichiometry.
A new apparatus has been built and extensively tested for making shortduration autoignition temperature measurements of hydrocarbon fuels under conditions where the fuel/air stoichiometry, the nature of the hot metal surface, and the contact time are well controlled.
The ignition surface (a thin metal foil) is heated by electrical resistance up to 1200 °C in a uniform and controlled manner.
The equipment includes two direct c-irrent (DC) poyker supplies, a foil holder, fuel and air flow controllers, a premix burner assembly, bubblers to vaporize liquid fuels, and a data acquisition computer. The key features include short-duration exposure, electrical resistance heating, a simple ignition criterion, and a premix flame burner. These features are combined in an open system which avoids possible explosion hazards upon ignition and also provides access for mass spectrometric sampling and optical measurements should these become desirable in the future.
E. RESULTS
Over 110C individual autoignition temperature determinations have been made for the ignition of 15 hydrocarbon fuels on heated nickel, stainless steel, and titanium surfaces for three different fuel/air mixtures (stoichiometry -0.7, 1.0, and 1.3). The measured autoignition temperatures generally decrease for the larger hydrocarbons and for richer mixtures, with ethane, ethylene, and acetylene having particularly low values.
The highest autoignition temperatures are obsurved for nickel surfaces and the lowest for stainless steel, with titanium being an intermediate case.
Due to the short contact time of the fuel with the heated metal surface, one expects that the present autoignition temperatures wJii be considerably higher than values determined using the ASTM procedure. This i.; indef'd found to be the case.
However, there exists a wide variation in the ,arlier autoignition temperature results for many hydrocarbon fuels, oft-en exC-eeding 250 'C, making direct comparisons with prior results difficuv.
Our toTmperaLure values are systematically higher by over 300 'C.
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F. OBSERVATIONS
Autoignition, or spontaneous ignition, is usually considered to be controlled entirely by gas-phase reactions.
The autoignition time involves the sum of the times for fuel decomposition, the production of intermediate hydrocarbons, and the oxidation of these intermediates to carbon monoxide and water. Other researchers have found the ignition behavior for hydrocarbons to be critically dependent upon fuel structure.
The first step involves the thermal breaking of the weakest carbon-carbon bond. Since the location of the weakest carbon-carbon bond varies with the molecular structure of each fuel, the products resulting from the first step are different for each fuel. The initial decomposition products alone do not determine the autoignition behavior of a hydrocarbon fuel.
If this were the case, one would expect that ethane would exhibit a particularly high autoignition temperature, since breaking the weakest bond (C-C bond) leads exclusively to the formation of -relatively unreactive intermediate products.
However, our data show that ethane (and other hydrocarbons containing only two carbon atoms) is anomalously easy to ignite.
Much work on the chemical mechanisms involved in autoignition has focussed upon the phenomenon of engine knock or end-gas autoignition.
End-gas conditions for autoignition involve high pressures (20-30 atm) and temperazures in the range of 225-825 *C. The end gas typically experiences a rapid change in temperature (approximately 500 C) in a period of 40 ms -not unlike the experimental conditions in the present study. Both experiments and modelling descriptions of engine knock -;an be helpful in attempting to predict the autoignition behavior of hydrocarbons.
For several specific cases the predictions from the knock literature concerning fuel structure effects are confirmed by our measured autoignition temperature results at atmospheric pressure.
G. RECOMMENDATIONS AND CONCLUSIONS
The following areas are fruitful for the further investigation of fuel structure and surface effects on autoignition temperatures and their interpretation in terms of detailed chemical mechanisms:
Linear Chain Versus Branched Chain hydrocarbons
The knock literature strongly indicates that autoignition temperatures should be higher for branched chain hydrocarbons than for the corresponding linear isomers.
Our limited data (iso-octane and octane) support this analysis for all three of the metal surfaces.
Further studies along these lines could be carried out easily with the existing apparatus. Specifically, autoignition temperature data are needed for the series iso-butane, isopentane, branched hexanes, ... in order to ascertain whether or not branched chain hydrocarbons w uld reduce autoignition hazards.
2.
Fuel Mixtures 1hus Fir we have investigated the ignition behavior of single hydrocarbon fuels and have focussed our attention on fuel structure effects. Mixtures of these simple hydrocarbons can be studied to ascertain the applicability of additivity rules for the prediction of ignition temperatures for mixtures. The eventual goal is to be able to predict the autoignition temperatures of hydrocarbon blends actually used in aviation, such as Mil-H-5606 hydraulic fluid, Mil-H-83282 hydraulic fluid, Mil-L-7808 lubrication fluid, JP-4,5,8, and kerosene.
The effect of specific fuel additives upon autoignition temperatures can also be measured.
Alloys and Nonmetal Surfaces
Our present apparatus is designed to measure autoignition temperatures near a hot metal foil. Additional simple metal surfaces can be investigated, such as platinum, gold, bronze, monel, and carbon steel, as well as alloys used in the aircraft industry (aluminum/magnesium/titanium). Also of interest are nonmetal surfaces, which include ceramics, quartz, and composite materials (graphite, carbon fiber). Various surface coatings and preparations, such as sandblasting and pickling, can also be investigated.
Unexplained Phenomena
Two interesting phenomena warrant further study:
a. The addition of small amounts of water to ethylene/air mixtures significantly lowers the autoignition temperature in the presence of a hot nickel surface. Is this true in general for all hydrocarbon fuels? b. Red spot ignition. For rich ethylene/air mixtures, a seemingly autocatalytic ignition occurs. At sufficiently high temperatures (but well below the autoignition temperature by = 150 °C) a red spot appears on the nickel surface.
Further heating of the foil is not necessary, as its temperature continues to rise until ignition. How general is this phenomenon for metal (and nonmetal) surfaces as well as other fuel/air mixtures?
Detailed Chemical Mechanisms
Our test apparatus has been designed to provide facile access for optical and mass spectrometric experiments, which have been carried out in both premixed and diffusion flames for several years.
Considerable insight into the chemical mechanisms most important in autoignition can be gained by making intermediate product profile measurements using laser techniques (such as laser-induced fluorescence and multiphoton ionization) and probing stable species with a mass spectrometer.
What are the important gas phase species? Are critical intermediate concentrations required in the gzs phase, irrespective of the hot surface?
Are typical combustion products, such as water and carbon dioxide, detectable before ignition occurs -for example in the "red spot" ignition phenomrenon?
Optical and mass spectrometric measurements may well provide the most direct means for testing specific autoigniaion reaction mechanisms after a temperature database has been established. Such data would also help us begin to understand the phenomenon of hot spark ignition. Self-ignition of fuels on hot surfaces, or autoignition, can result from operational malfunctions, accidents, and battle damage. Self-ignition can be prevented by choosing fuels of the proper molecular structure, by choosing the composition, coatings, or treatment of the hot surface, or by other intervention strategies.
The objective of this research is to devise a reliable method for measuring the autoignition bihavior of hydrocarbon fuels as a basis for appropriate strategies to reduce autoignition tendencies.
B. BACKGROUND Self-ignition temperatures for hydrocarbon fuels depend on both the molecular structure of the fuel and on the surface material.
However, the investigation of these effects is hampered by use of the standard ASTM E659 test procedure (1), which is based upon the 1954 apparatus of Setchkin (2) . In this method ignition often requires long times, as much as 10 minutes, without the capability of varying the material composition of the hot surface. (Borosilicate glass is the only surface used now.)
The ASTM standard states that although liquids are commonly injected into the hot flask, "no condensed phase, liquid or solid, should be present when ignition occurs." Therefore, although this test attempts to measure the autoignition temperature of hydrocarbon fuels in the gas phase, for long-duration exposures of the fuels to the heated surface it is more likely that ignition temperatures for a complex mixture of the products of fuel decomposition are being determined rather than those of the original fuel. A method for measuring autoignition temperatures involving short times would greatly reduce the unknown extent of fuel decomposition and would provide more meaningful data on fuel structure and surface effects. Such measurements are also more relevant for determining hazards arising from malfunctions and accidents, where exposure times are short.
C. SCOPE/APPROACH
The scope of the present investigation involves (1) the development of experimental methods for the reliable determination of autoignition temperatures under a variety of conditions which involve short duration exposures of controlled fuel/air mixtures on various metal surfaces and (2) the interpretation of these data in terms of chemical mechanisms. Key issues include: (1) a comparison of ASTM test methods versus more controlled scientific tests for the determination of autoignition properties; and (2) the effects of surface materials, surface temperatures, and residence time upon autoignition temperatures of hydrocarbon fuels. The primary emphasis is on fuel structure effects, so that a reliable database can be established for testing the proposed mechanisms of autoignition.
In our apparatus, a flowing gas-phase fuel stream impinges on a hot surface whose composition and temperature are controlled.
Under these experimental conditions a large number of parameters can influence the measured autoignition temperature (3) .
These include the following:
* fuel structure * surface material * surface temperature * fuel/air stoichiometry * surface size * surface orientation # initial fuel/air temperature * contact or residence time (fuel/air velocity) * condition of surface * pressure o heating rate of surface
Our strategy was to vary the first four parameters systematically and to keep the remaining parameters fixed.
Since this project was originally formulated in early 1989, one important new element has arisen, namely the key role of stoichiometry. Autoignition temperatures can vary strongly with the fuel/air mixture ratio, especially for catalytic surfaces such as platinum (4) (5) (6) .
To establish accurately the fuel structure effects upon ignition temperatures, three different stoichiometric conditions were investigated. This consideration required premixing of the fuel and air in known proportions and required three times the number of needed measurements for a given fuel and surface material.
The conventional ASTM E659 procedure does not control the fuel/air stoichiometry.
Key features of the test apparatus include the following:
Short-duration test -The contact time for the fuel/air mixture on the heated surface is less than 100 milliseconds.
This short residence time avoids significant decomposition of the fuel and ensures that the ignition temperature measurement reflects more closely the ignition of the original fuel.
Surface Heating -The ignition surface is heated to 1200 °G in a uniform and controlled manner. The experimental approach allows multiple measurements with excellent reproducibility.
Tgnition criterion -The visual appearance of a burner-stabilized flame establishes a reproducible and reliable ignition criterion.
Premixed flame burner -This provides a straightforward means to vary the fuel/air stoichiometry easily and prevent flashback after ignition has occurred.
The flow of fuel and air can be shrouded to maintain the desired s toichiome try.
Open system -An open system avoids possible explosion hazards upon ignition and also provides access for mass spectrometric sampling and optical measurements should these become desirable in the future.
SECTION II
TEST METHOD FOR MEASURING SHORT DURATION AUTOIGNITION TEMPERATURES: EXPERIMENTAL CONSIDERATIONS
An apparatus for measuring autoignition temperatures must be able to heat the ignition surface uniformly and reproducibly up to 1200 0C, introduce a specific fuel/air mixture onto the heated surface, and measure the timetemperature history of the surface during the ignition of the fuel. Design considerations include (1) the size of the ignition surface, (2) the orientation of the ignition surface, (3) the method for heating the surface, (4) the fuel delivery system for liquid and gaseous fuels, and (5) the technique for the measuring surface temperature.
A. IGNITION SURFACE SIZE
Keepiig the heated area of the ignition surface small is desirable because this reduces the heating, time, fuel, and material requirements.
A small surface can be heated more uniformly and quickly than a larger ignition area. Multiple ignitions for each surface and each fuel/air mixture are required, and time savings are realized using a small surface area which equilibrates at the desired temperature much faster than a larger surface.
Also, a small ignition area does not require large quantities of the fuel/air mixture to ensure complete coverage of the heated ignition area.
Providing high fuel flow rates for the light hydrocarbon fuels would not be a serious problem, since these fuels are readily available in high-pressure cylinders.
However, for liquid fuels which must be vaporized using bubblers, only smaller fuel flow rates can be obtained without heating the fuels to increase their vapor pressure above the liquid.
Since the amount of thermal energy is directly related to the quantity of fuel ignited, using the minimum amount of fuel allows safer operation of the apparatus and causes less thermal stress to the equipment and surroundings.
In addition to requiring lower fuel flow rates, smaller ignition surfaces are less expensive to purchase than the larger surfaces. Material costs are significant if precious metals or special alloys are included as possible ignition surfaces. Thus the heating, time, fuel, and material considerations all favor keeping the ignition surface as small as possible.
B. SURFACE ORIENTATION
The orientation of the ignition surface relative to the direction of the fuel/air flow can influence the flow patterns on the surface.
A 45 degree approach angle between the surface and the flowing gas stream helps promote good mixing and contact between the surface and the fuel/air mixture. This orientation represents a compromise between parallel and perpendicular geometries.
If the surface and flow were oriented parallel to each other (i.e., both vertical or both horizontal), significant boundary layers would develop and impede the mixing process on the heated surface.
For fuel/air flow rates of approximately I liter/min and a foil width of about 2 cm, the laminar boundary layer thickness would exceed 0.7 cm (7) .
If the surface and the fuel/air flow were perpendicular, a stagnation point would develop on the flow centerline. As the fuel/air mixture remained at or near the stagnation point for extended periods of time, fuel pyrolysis would occur. Such an orientation would create long and ill-defined residence times for the fuel/air mixture near the heated surface -essentially the same problems that currently exist in the conventional ASTM procedure. The measured autoignition temperature would not reflect the ignition of the original fuel.
C. HEATING THE IGNITION SURFACE
Heating a small surface to 1200 °C can be accomplished directly by electrical resistance or indirectly by using an external heat source. Direct heating allows uniform localized heating if the ignition surface is a conductor and if sufficient electrical energy is available. The temperature can be adjusted by controlling the current flow through the .ignition surface. Either AC or DC current can be used to heat the ignition sarface. While AC current is efficient, DC current allows more precise control of the surface temperature.
The energy necessary to heat a metal surface by allowing electrical current to flow through the metal is proportional to the electrical resistivity and the cross-sectional area available for current flow.
Since the electrical resistivity of nickel is about 9 p0-cm, preliminary estimates for heating a 10.16 by 2.54 by 0.31 cm strip of nicke. suggested that 140,000 Watts would be necessary to reach a surface temperature of 1500 *C. Since the wiring and control elements necessary to handle 140,000 Watts are not trivial, using thinner metal strips is more practical. For the same 10.16 by 2.54 cm strip, a 2.5 pm thick nickel foil theoretically requires only 800 Watts. Heating thin metal foils via DC current appeared to be the most practical method of heating the ignition surface.
Indirect heating methods were also considered. However, indirect heating of a surface to 1200 °C requires the heater to operate at much higher temperatures.
Silicon carbide, molybdenum disilicide, and tantalum heaters all operate at temperatures exceeding 1600 'C. Unfortunately, it is difficult to fabricate silicon carbide and molybdenum disilicide heaters in the smaller sizes (areas less than 4 cm 2 ), and some heater elements droop and sag when hot. Tantalum heaters become brittle when exposed to atmospheric oxygen and would thus require frequent replacement.
In addition, the energy from an indirect heater would have to be conducted or radiated to the ignition surface in a uniform manner. The heat source would need to be shielded to preclude it as an ignition source. These problems are sufficiently formidable that direct heating methods were chosen in favor of indirect approaches.
D. FUEL DELIVERY ASSEMBLY
A fuel/air mixture can be directed onto the heated ignition surface via a closed or open delivery system with either a batch or continuous flow process. In a closed system the heated surface would be positioned within an enclosure, and the fuel/air mixture would flow into the enclosure.
After the proper fuel-to-air ratio was achieved, the temperature of the surface would be increased until ignition of the fuel charge occurred.
The ignition would initiate an explosion within the enclosure, which would have to be constructed to withstand or to vent the explosion. Explosion-proof enclosures would probably prevent viewing the ignition and would reduce access to the ignition surface. This design would largely prevent the possible use of diagnostic techniques involving gas chromatography, mass spectrometry, and lasers. Explosion venting enclosures would require time-consuming and expensive replacement of the blowout panel after each ignition.
Many of the limitations of explosion proof/venting enclosures could be overcome by utilizing an open delivery system, such as a burner, which would allow the fuel/air mixture to ignite in the open at ambient conditions. Since the ignition of the fuel/air charge occurs in an open space, it is not confined and an explosion is avoided. Unencumbered by an enclosure, an open fuel/air delivery scheme also allows easy access for other diagnostic techniques.
In addition, the open burner can be matched to the size of the ignition surface more easily than a bulky explosion enclosure.
The only significant drawback of an open system is the inability to investigate autoignition phenomena as a function of pressure.
While the closed system would appear to lend itself to batch processing of individual fuel/air charges, the open burner can be operated with either an intermittent batch or continuous flow process. For the closed system a charge or batch of fuel/air mixture would be loaded into the enclosure and the ignition surface would be heated until ignition occurs. As the temperature of the ignition surface was ramped up, the fuel would begin to decompose, resulting in the measurement of an ignition temperature for the pyrolysis products mixed with remnants of the original fuel.
This same lack of definition concerning what species are actually igniting plagues the current ASTM procedure.
Of course, if the ramp-up times were short, less decomposition would occur, but the steeper the ramping slope, the more difficult it would be to determine th temperature at ignition. The temperature measuring instrumentation would need to have a very short response time.
Batch processing with an open burner would also require an iterative approach but for a different reason. Once the batch or fuel/air charge would begin to flow from the burner, there would be a limite,. amount of time available to ramp-up the temperature before the fuel/air charge would be exhausted.
If the initial surface temperature selected were too low and ignition didn't occur before the batch ran out, another batch would be started at a higher initial temperazure. Unfortunately, many iterations (or batches) would be necessary to bracket the appropriate temperature range and then pinpoint a precise ignition temperature. The ignition temperature measuring technique would need to have a fast response to monitor the ignition temperature before the batch burned itself out. Ignition criteria, such as a sudden rise in surface temperature, might be difficult to establish with certainty if the ignition event did not release much heat relative to the thermal inertia of the surface.
In addition to avoiding fuel decomposition and reducing the nun'ber of necessary iterations, a continuous-flow open burner allows one to define unambiguous and easily determined ignition criteria. With a continuous flow of the fuel/air mixture, the surface temperature can be gradually increased until ignition occurs. At this point the fuel/air flow can be shut down and the surface t-mperature can be reduced. If the flow is turned on again and allowed to equilibrate, a repeat ignition measurement can be made. The fuel/air flow being directed onto the heated surface is always fresh, and the temperature can be continuously and slowly increased until ignition occurs. Upon ignition, the observation of a flame which is sustained by the continued fuel/air flow clearly marks the ignition point.
All of these considerations strongly favor an open system with continuous flow.
Batch processing eliminates the possibility of the igr.±ition flashing back to the fuel supply. For a continuopa flow arrangement, a flashback arrestor is required and is straightforward to incorporate into the system.
E. TEMPERATURE MEASUREMENT
Determination of the ignitioh temperature for each fuel/air mixture requires that the surface temperature be monitored and recorded during each ignit on. The instrumentation should not interfere with or alter the ignition process.
Additionally, the measurement technique must cover the temperature range of 500 to 1300 'C. Optical pyrometers, film thermocouples, and bead thermocouples all cover this temperature range; however, the last two methods require precautions so as to not disturb the flow or the surface.
An optical pyrometer focused on the h-eated surface does not intrude upon the ignition process, but changing surface conditions, such as oxide formation on hot metal surfaces, could affect the .urface temperature measurements by changing the surface emissivity.
Optical pyrometers measure an average temperature for the circular area or spot uhere the pyrometer is focussed. An average surface temperature might be desirable if the spot matched the fuelsurface contact area, but if the spot is too large the reported average temperature would be lower than the ignition temperature.
The area and location of the spot and the ignition zone would need to be carefully matched for each ignition surface.
Certain types of optical pyrometers, such as the disappearing filament design (The Pyrometer-Instrument Co., Bergenfield, NJ'), are too slow and too cumbersome for routine measurement of a changing surface temperature.
Optica] pyrometers can be peri,dically used to check chermocouple measurements.
Film thermocouples have been develro.ed to ir-,ntor internal cylinder wall temperatures in internal combustion engines i .). Th--,e thermoco, ples are designed to have the same coefficient of th-..,al expansion as the surface to be monitored. Otherwise, the thermocouple would separate from the hot surface as the local temperature changes.
In the -!esent investigation the development of different formulations for each new ignition surface wcrld be expensive and time consuming.
Even if the appropriate formulations were available, the film thermocouple could not be bonded to the ignition surface since the thermocouple itself would likely affect the ignition process. Mounting the thermocouple on the back si.Je of the ignition surface prevents interference with the igni,ion event and wit-h the flow conditions.
In thIs case the thermocouple is not measuring the ignition surface temperature directly but is monitoring a temperature closely proportional to the surface 6 temperature.
If the ignition surface were thermally thin, the measured temperature and heated surface tc.mperature would be essentially the same, if the thermocouple does not cool the surface. A new apparatus has been designed, built, and -xteasively tested for making short-duration autoignition temperature measuiements of hydrocarbon fuels under cinditions where the fuel/air stoichiometry, the nature of the hot metal surface, and the contact time are well-controlled.
The following paragraphs present the details of our experimental procedures.
A. 'PARATUS
The apparatus includes two direct current (DC) -. ower supplies, a foil holder, fuel and air flow controllers, a premixed flame burner assembly, bubblers to vap)orize lic lid fuels, and a data acquisition computer.
A schematic layout is presented in Figure 1 .
There are two key elements: the premixed flame burner assembly and the holder for thin metal foils.
Burner
The burner assembly consists of a Perkin-Elmer body and a custom burner head of 1.1 cm diameter made from 61 capillary tubes to prevent flashback upon .gnition. This allows a known and easily variable mixture of hydrocarbon fuel and air to be directed toward the hot metal surface (see Figure I) . Flow controllers allow different mixtures of air and fuel to be introduced.
Mixing fins within the burner body ensure thorough mixing of the fuel and air. A 2.2 cm lcby 1.1 cm diameter quartz .himney isolates the fuel-air mixture from ambie..t air until the flow is withi., ;) 64 cm of the hot surface. The lightei hydrocarbons are drawn from high-pressure gp-cylinders and are mixed with dry filtered low-pressure air to achieve ..he desired stoichiometry. For the heavier hydrocarbons which have lower vapor pressures, the liquid hydrocarbon is placed in glass bubblers located in a 30 *C wats; bath (only 5 degrees above ambient conditions). The temperature and pressu" of the bubblers determine how much hydrocarbon vapor will be picked up by tV.
air uassing through the bubblers.
In our experiments the temperature of the bubbl-rz was fixed at 30 *C and the air flow through the bubblers was adjusted to o: tin the desired stoichiometry. The air passes through a series of three bubbi. -rs to ensure saturation of the -iir stream.
This air stream is then mixed with dry filtered air in the burner assembly to obtain the proper stoichiometry. Once igniti,' . c..,:urs, the appearance of the burner-stabilized flame establishes a reproducible and reliable ignition criterion.
The onset of ignition is detected both visually and by thermocouple readings.
Fuel Flow Rate
Operating at low flow rates is desirable, since the fue-l vapor pressure decreases as the fuels increase in molecular weight -making it more difficult to vaporize sufficient quantities of liquid fuels to sus:tin ignition.
Since the flow rate of the fuel/air mixture affects the conact timu and mixing at the heated surface, a series of autoig.nition Lempetature 
Oa2
measurements was conducted at 8, 12, 16, 24 and 32 cm/s in order to select an appropriate fuel/air velocity exiting the burner. Figure 2 shows that the observed autoignition temperatures for ethylene/air mixtures igniting on a nickel surface are relatively independent the velocity.
The autoignition temperature may decrease at the highest velocity of 32 cm/s.
A fuel/air velocity of 16 cm/s was selected for making all of the remaining autoignition temperature measurements. With this flow velocity exiting the quartz chimney located above the burner, the volumetric flow rate was approximately 912 cm 3 /min.
Contact Time on the Foil Surface
The fuel/air mixture flows near the heated surface for an estimated 90 milliseconds.
This value is obtained from the approach velocity (16 cm/s), the surface orientation (45 degrees), and the heated surface length (2.06 cm).
Possible mixing effects were not included in the calculated contact time, and effects due buoyancy induced by heating of the gas as it passes near the surface were not considered. This duration of less than 0.1 seconds is significantly shorter than the several minute residence times reported by other researchers for making autoignition temperature measurements using the ASTM apparatus (11) (12) (13) (14) (15) . The short residence times of the present investigation greatly reduce the extent of fuel decomposition.
Holder for the Heated Metal Surface
The second key element of our apparatus is the holder for the thin metal foils, which also includes local temperature measurement capability (shown in Figure 3) .
The temperature of the metal foil increases as the DC current flows through the foil (typical dimensions are 2.54 by 10.16 by 0.013 cm). About 40 amps are necessary to heat nickel foil up to 1000 °C. Although notching each foil at the lower edge on the centerline forces the center of the foil to heat up more than the ends, the foil ends still become sufficiently hot that expansion can cause loss of electrical contact. This is prevented by spring loading the electrodes to maintain electrical contact as the foil expands.
Since the foil also expands lengthwise, the holder applies tension to stretch the foil.
This stretching preserves the 45 degiee approach angle of the fuel/air mixture, helps to prevent gas flow behind the foil, and maintains good contact with the two chromel-alumel thermocouples positioned behind the foil.
Metal Surfaces
The four materials selected for surfaces in this study included nickel (99.9 percent), stainless steel (304 series), titanium (99.9 percent) and aluminum. These metals were purchased as 2.54 by 10.16 cm foil strips.
The appropriate thickness of each foil was determined by the metal's electrical resistivity and by the cost of rolling it into a foil. Tho electrical resistivities of 3, 9, 70, and 160 110-cm and rolling costs of 3, 13, 10, and 16 dollars (per piece) suggested thicknesses of 10, 12.7, 5.1, and 25.4 jim for aluminum, nickel, stainless steel, and titanium, respecLive]v.
Attempts to use aluminum as an ignition surface failed because of its relatively low melting point.
As the aluminum foil was heated to temperatures of approximately 500 °C, the foil began to melt and lost its tensile strength.The tension which was necessary to hold the foil against the thermocouples separated the softened foil into two pieces.
An unsuccessful attempt was made to extend some earlier experimental work by Pfefferle et al. (5, 6 ) which utilized extremely thin (= I pm) films of platinum on a quartz substrate.
Thin films of nickel metal were vacuumdeposited onto 0.16 and 0.32 cm thick Vycor substrates.
One surface of each 2.54 by 7.62 cm substrate was coated with a 1 pm thick layer of nickel. The nickel layer thickness was doubled to 2 pm on both ends of the substrate to improve the electrical contact necessary for resistance heating.
After clamping each film/substrate into a holder, DC current was applied to heat the center section of the thin film.
As the film reached a temperature of approximately 300 0C, the film began to break down and lost electrical continuity.
This structural failure of the I pum thin films was surprising, since such difficulties were not reported in the original papers (5,6).
However, upon consultation with Professor Pfefferle and her students, it was discovered that their film deposition technique required multiple layers, with each layer being annealed individually.
The specific time and temperature for each annealing cycle were empirically determined over a period of many months. Even after carefully following the multilayering/annealing process, reproducible performance of the surface was not guaranteed.
Since it appeared that much time would be required to develop such annealing procedures for our experiments on different metal surfaces, the effort to use thin film resistance heaters was discontinued in favor of the metal foils.
6.
Thermocouple Measurements
Fast-response sub miniature stainless steel sheathed chromel-alumel thermocouple probes were used to monitor the foil temperatures (Omega, Stamford. CT). Each foil was supported from behind by two thermocouples. The upper thermocouple was positioned 0.16 cm down from the upper edge of the foil, while the lower thermocouple was located 0.32 c.n up from the lower edge (see Figure 3) .
The recommended operating range for chromel-alum.l bead thermocouples is -200-1260 *C.
The thermocouple probes utilized 38 I, wires within a 0.25 mum diameter 304 stainless steel sheath. An estimated 01.4 second would be required for the thermocouple to reach 63.2 percent of the instantanvous t,.mprature change (16).
Each th,-rmocouple bead wan e-etxri-allv: insulatz-d fror, the sheath with magnesium oxide. These insuxlated or 'mr.rvund.d thern-ocnipht:; were necensarv to isolate the temperature voltage (zi11ivolt-*:
From rhe he*atinr voltage (up to 20 volts).
As oach th,. .d wi,-: ., !r-;-:.
• -;ia" iu,; tt.r-r. Four pairs of the 125 mL glass gas washing bottles or bubblers were arranged in parallel to reduce the air flow rate through any single pair of bubblers.
The air/fuel flow from the four pairs of bubblers was finally collected into a single 500 mL bubbler, so that each air stream passed through a total of three bubblers. Reducing the flow rate allowed the air to become more fully saturated as it bubbled through the liquid fuel.
Breaking the gas flow up into many small bubbles via fritted glass sparging disks also helped to saturate the air with fuel. Clamps on the tubing connecting the bubblers were used to direct the air flow evenly through all of the bubblers. A pressure tap on the 500 mL collection bubbler allowed the pressure above the liquid fuel to be monitored.
An insulated, well-mixed water bath was used to keep the bubblers at specific temperatures. A 0.2 Horsepower circulation pump constantly mixed the bath while three heaters maintained the desired water temperature, which was monitored using a chromel-alumel thermocouple submerged in the bath. Due to size limitations of the insulated container only the last four parallel bubblers and the collection bubbler were placed in the water bath. The first four parallel bubblers were operated at room temperature, typically 25 ± 3 *C. Increased temperatures (up to 30 °C) were necessary to raise the vapor pressure of the heavier liquid fuels to obtain the needed flow rates.
Data Acquisition System
For data acquisition, an IBM XT computer was equipped with a Metrabyte DASCON-l multifunctional analog/digital expansion board, which features four input/output channels with 12 bit resolution. For each temperature data point the computer recorded five thermocouple voltages, averaged the five values, converted the voltage to a temperature, and reported a single data point at approximately 0.5 second intervals.
A cold junction compensator in the thermocouple line eliminated the need for a reference thermocouple.
The computer also recorded a second channel which was used to mark each ignition event. When not activated, the marker channel voltage was less than I volt. Upon visual observation of ignition, a push-button was depressed and the marker channel voltage was increased to 1.5 volts. The subsequent peak in the marker channel voltage identified each ignition event. At each time step the computer recorded the time, the thermocouple voltage, the foil temperature, the marker channel voltage, and the step number. After each ignition series the computer transferred the data file to the hard disk drive. Software retrieved the data and plotted the time versus temperature and time versus marker channel on the same graph. Figure 4 is i example of the plotted data for a single ignition.
B. OPERATION
Foil Preparation
Before mounting on the holder each foil was notched and folded to induce localized uniform heating, to prevent flow disturbances, to reduce flow behind the foil, and to improve the foil stretching characteristics. A 0.32 cm wide by 1.27 cm semicircular section was removed from the center of the lower edge of each foil.
This notch reduced the cross-sectional area for current flow and forced h ing to occur preferentially at the center of the foil.
Without this notc foil imperfections or strain associated with stretching caused nonuniform and unpredictable hot zones. If this notch were exposed to the fuel/air flow over the front surface of the foil, it could introduce disturbances in the flow. To avoid this flow disturbance and to prevent the flow of the fuel/air mixture behind the foil, a 0.48 cm wide strip along the lower edge of the foil was folded over at 90 degrees. As the foil was mounted on the holder, 0.32 cm of this lip slipped into a recessed slot. The partially recessed leading edge of the foil "hid" the notch and prevented fuel/air flow behind the foil.
Foil Mounting and Burn-in
After each foil was notched, trimmed, and folded, it was placed on the holder and positioned over the two thermocouples.
Before tightening the electrode springs, stainless steel shims were inserted with the foil ends to provide a better grip on the foil. After tightening the electrode springs, the stretching springs were adjusted to stretch the foil over the thermocouples.
The DC current was then adjusted to heat the foil in 50-75 °C steps. As the temperature of the foil increased, the foil expanded and began to move away from the supporting thermocouples.
As the foil began to lose contact, the current was turned off, the foil was retightened, and the current was quickly turned on again before the foil cooled to ambient temperature.
As each foil was burned in, the current levels and foil temperatures were recorded for diagnostic purposes.
Nickel and titanium usually did not require much tightening after the initial mounting.
The stainless steel stretched and expanded to a much greater extent and required several iterations of heating to : 600 °C, tightening and then heating, further tightening, etc. Typically the lower thermocouple reported temperatures 50-100 °C higher than the upper thermocouple, due to the increased current flow near the notch in the foil.
The upper thermo-,ouple was used for diagnostic purposes as a check that the apparatus was operating properly. Recording temperature versus the current flow allowed the operator to detect conditions of loose foil and malfunctioning thermocouples.
Flow Measurement, Calibration, and Calculation
Small rotameters and mass flow contollers were used to control the flow rate of the hydrocarbon fuels and the air for combustion and cooling. Before each ignition series a soap bubble flowmeter was used to calibrate the smaller flow rate, usually the fuel flow.
Mass flow controllers calibrated periodically using a large soap bubble flowmeter were employed to control the larger flow rate, typically the combustion air flow and the cooling air flow. The mass flow controllers had ranges of 0-5 and 0-1 liter/min.
Two small rotameters with flow capacities of 4-100 and 50-500 cm 3 /min were utilized to monitor the smaller flow rates.
For the heavier hydrocarbons almost all the combustion air had to be bubbled through the bubblers so the mass controllers monitored the "fuel" flow.
Each hydrocarbon fuel was ignited under stoichiometric fuel/air conditions ( = 1.0), which provide sufficient oxygen for complete conversion of the fuel to carbon dioxide and water.
The fuels were also ignited under lean (0 -0.7 or 70 percent of fuel required for stoichiometric conditions) and rich conditions (0 = 1.3). The overall burner flow rate was multiplied by the specific volume fraction to obtain the volumetric flow rate of the fuel necessary for the desired stoichiometry.
For each of the gaseous fuels the flow rate was calibrated and set using a soap bubble flowmeter.
During the ignition series, the fuel flow rate was recorded but not adjusted. The fuel flow rates were typically very steady and did not drift significantly over the 10 to 15 minutes required for an ignition series. After the fuel flow rate was established, sufficient combustion air was added to provide a total flow rate of 912 cm 3 /min. Calibrating the fuel flow rates for the liquid hydrocarbons followed the same pattern as the gaseous fuels, but included vapor pressure calculations.
The flow rate calculations for the liquid fuels incorporated the specific stoichiometry, ambient pressure, bubbler pressure, bath temperature, and vapor pressure for each hydrocarbon tuel.
Before an ignition series an atmospheric pressure xeading was obtained from a wall-mounted mercury barometer.
The vapor pressure of each hydrocarbon fuel was obtained from plots of vapor pressure versus temperature (17).
Using the atmospheric pressure, the fuel vapor pressure at the temperature of the water bath, and the desired stoichiometry, the flow rate through the bubblers was estimated and the flow was adjusted to this value. With the flow rate near the final expected value, the bubbler pressure was recorded and included with the vapor and ambient pressures in a second fuel flow rate calculation.
The calculations outlined above are based on the assumption that the air passing through the bubblers was completely saturated. Thus, the fraction of the liquid fuel in the bubbler flow was taken to be equal to the vapor pressure of the fuel divided by the sum of the atmospheric and bubbler pressures.
Dividing the volumetric flow rate of pure fuel for a specified stoichiometry by this fraction of the fuel in the bubbler flow described the flow rate of air which must be supplied to the bubblers to provide the required amount of fuel at the burner. Subtracting the bubbler flow rate from the total flow rate yielded the flow rate for the combustion air necessary for the specified stoichiometric conditions. The bubbler flow rates were calibrated before each ignition series using the soap bubble flowmeter.
Ethylene Benchmark Autoignition Temperature Measurements
After each foil was mounted and burned in, a typical ignition series using an ethylene/air mixture was conducted to help characterize foil p.rformance. This benchmark ethylene series also provided comparison of foil performance between different foils of the same material.
The ethylene ignitions allowed fine tuning of the foil., the sample holder, and the thermocouple performance before actually making autoignition temperature measurements for specific hydrocarbon fuels.
Autoignition Temperature Measurements
After making the ethylene benchmark temperature measurements, each specific hydrocarbon fuel/air mixture was introduced onto the heated metal surface. The surface temperature was increased at a rate of approximately 60 °C/min until ignition occurred.
This first or zeroth ignition was monitored but not recorded for future data analysis.
The zeroth ignition helped to define a temperature range where subsequent ignitions were probable and helped to establish a reasonable initial foil temperature 50-75 00 below the ignition temperature. After adjusting the foil to this initial temperature, the data acquisition system was reset and a series of 5 ignitions was initiated. Typically the fuel/air mixture was allowed to flow and equilibrate for 45 seconds.
After this equilibration time the ignition surface temperature was increased by approximately 30 °G/min until ignition occurred.
After ignition, the fuel flow and, occasionally the air flow, were shut down to allow the flame to burn itself out. This normally required less than 15 seconds.
The fuel and air flow were then restarted and allowed to flow and equilibrate for 45 seconds before again ramping up the surface temperature. Five repeat temperature measurements required from 8-19 minutes to complete; a typical ignition series lasted about 12 minutes.
Surface temperatures were also checked with an optical pyrometer. When the disappearing filament was positioned close to the lower thermocouple, the pyrometer temperatures were found to be 50-60 'G higher than the thermocouple values for typical operating conditions (T = 700-1000 0C). Some local cooling of the heated foil was evident by the appearance of dark spots at the positions of the thermocouples. All temperature values reported in the next section are the thermocouple determinations.
After each ignition series the computer transferred the data file to the hard disk drive, and software plotted the temperature versus time and the marker channel versus time on the same graph. On each plot for each ignition event a vertical line was extended from the 1.5 volt peak on the marker channel, shown on Figure 4 . A second straight line, which approximated the slope of the temperature versus time curve just before ignition, was also drawn on each plot. The intersection of these two lines was recorded as the autoignition temperature.
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RESULTS
Over 1100 individual autoignition temperature determinations have been made in the present study. Table 1 summarizes these data for the ignition of 15 hydrocarbon fuels on heated nickel, stainless steel, and titanium surfaces for three stoichiometries. The entries are averaged autoignition temperature values with a stated error of one standard deviation for usually at least five repeat determinations.
All the benchmark runs are included in Table 1 for the reported ethylene values at 4 -1.0. The number of benchmark ignitions is 90, 67 and 112 for nickel, stainless steel, and titanium, respectively. The reproducibility of these measurements within a single ignition series on a given day is excellent, often within l'percent and never exceeding a variation of 3.2 percent. The reproducibility 'of igniting a specific hydrocarbon fuel on different pieces of the same foil material with different thermocouples at different times (sometimes separated by months) is somewhat worse than the reproducibility within a single series.
Maximum month to month (foil to foil) variations in autoignition temperatures between repeat ignition series for a specific fuel are 6.9, 9.0, and 7.7 percent for nickel, stainless steel, and titanium surfaces, respectively. In addition, the data reveal that the autoignition temperature decreases slowly for the richer fuel/air mixtures.
This trend was observed for most of the hydrocarbon fuels investigated on the three metal surfaces (see Table 1 ).
In about 45 percent of the fuel/surface/stoichiometry cases the autoignition temperatures exhibited a minimum at 0 = 1.0.
In only one case (propane on nickel) does the autoignition temperature exhibit a distinct maximum at 0 = 1.0.
Additional measurements were also made for acetylene over a wide range of stoichiometries for two reasons: (a) this fuel exhibits exceptionally wide flammability limits (18), and (b) acetylene autoignition temperatures are observed to be the lowest of any fuel in this study.
The results are summarized in Table 2 . Again, the autoignition temperature is observed to decrease with increasing fuel/air ratio, particularly for the richest conditions.
The variation of the measured autoignition temperatures ..ith the heated metal surface is presented in Figures 7 (nickel), 8 (stainless steel), and 9 (titanium).
All the data are shown for stoichiomecric (0 1.0) ignition conditions.
The highest temperatures are observed for the nickel surface, while the lowest are for the stainless steel surface -often by as much as 200 'C.
The titanium data are intermediate. 
SECTION V COMPARISON WITH LITERATURE VALUES
Autoignition temperatures have been measured for numerous pure hydrocarbons, with most published data acquired using the standard ASTM E659 procedure (1) .
The most extensive compilations of autoignition temperature data are those of Mullins (12), Zabetakis (11, 13) , McCracken (14) , and the National Fire Protection Association (15). Table 3 lists the values from the first two studies assembled by Glassman (18).
As mentioned in Section 1, the standard ASTM procedure for measuring autoignition temperatures often involves extended times of several minutes. During this time there is ample opportunity for fuel decomposition, leading t autoignition of a complex mixture of hydrocarbons. In sharp contrast, in the present measurements the contact time of the hydrocarbon vapor and the heated metal surface is only = 90 ms, in order to ensure that the measured temp.-znture indicates the ignition of the original fuel. One anticipates, therefore, considerably higher autoignition temperatures will be observed under our experimental conditions. Indeed, this is found to be the case; compare Tables I and 3. We measure autoignition temperatures in the range of 655-1141 'C for the series of 15 hydrocarbon fuels impinging upon nickel, stainless steel, and titanium surfaces.
In fact, as mentioned in Section iI.3.5, the actual surface temperatures were 50-60 'C higher than our reported thermocouple values. The earlier results span a range of 218-632 "C for a quartz surface. There is no overlap in the data sets. The quartz surface employed in -. he _ procedure does not explain this difference.
Pfefferle et al. (5,6) repautoignition temperatures on quartz only about 110-135 "C less than the'y " on platinum for lean ethane/air mixtures, and Coward and Guest (4) found that platinum exhibited autoignition temperatures 100-150 "C higher than an-other metal surface for a range of stoichiometric conditions. These results .uges; that the autoignition temperatures observed for a given fuel should he rou.hl: 5imilar for quartz and noncatalytic metal surfaces.
Tabl,: 3 reveals a wide variation, often exceeding 250 "C. in th,-,rc r utoignition temperature results for many hydrocarbon fuels.
Thus. it i!; difficult to compare these earlier data with the present measure=ents. Fiynre 10 is a plot of the literature data and our observed values on a nic, k.-! surface for the .traight-chain alkane series. The overall trend toward low,-r a utoignitin te-pt-raturen with iticreasing chain length (with eha ,. "-being lo-b in similar for c-tr renuir and for th.-high. ,t reported ;-Oir tion rerp-ratures. Number of Carbon Atoms Autoignition, or spontaneous ignition, is usually considered to be controlled entirely by gas-phase reactions involving free radicals. The ignition behavior for hydrocarbons has been found to be critically dependent upon fuel structure (11) (12) (13) (14) (15) 19, 20) .
Initially a hydrocarbon fuel pyrolyzes by thermally breaking the weakest carbon-carbon bond. Consider the case of nbutane decomposition as a typical example.
Two routes leading to different alkyl radicals are possible (21)
Following this fuel breakdown process, the build-up of the radical pool concentrations (OH-, H-, and 0:) via chain-branching reactions such as For the ignition of n-butane, Reaction (1] leads directly to the production of H atoms via the decomposition of the ethyl radical (C 2 H 5 -) and thus to the chain-branching Reaction (41, whereas Reaction (2] eventually gives only the much less reactive methyl radical (CH 3 -). In this way the identity of the alkyl radicals formed initially by pyrolysis and their subsequent chemical reactions plays a key role. For such a radical-based mechanism for autoignition, it is evident that the autoignition behavior of hydrocarbon fuels is sensitive to any chemical process which leads to chain branching. The relative ease with which the radical pool concentrations build up will have a large influence upon the ease of autoignition.
However, the initial decomposition products alone do not determine the autoignition behavior of a hydrocarbon fuel. If this were the case, one would expect that ethane would exhibit a particularly high autoigni on temperature, since breaking the weakest bond (C-C bond) leads exclusively to the formation of unreactive CH 3 o radicals. However, our data show that ethane (and other C 2 hydrocarbons) are anomalously easy to ignite. The autoignition time involves the sum of the times for fuel decomposition, the production of intermediate hydrocarbons, and the oxidation of these intermediates to CO and H120 (23). Important factors include the site-specific abstraction of hydrogen atoms, isomerization of the resulting alkyl radicals by internal Il-atom abstraction, and rapid P-scission of the alkyl radicals. All of these processes affect the production of H atoms and in turn the radical pool concentrations (23).
In addition, the specific nature of the intermediate hydrocarbons is important. For example, electron rich species (such as allene and benzene) may inhibit autoignition due to electrophilic addition reactions with H-, 0:, and OH-.
This complexity of numerous chemical processes has thus far precluded the formulation of a simple predictive model of the autoignition behavior for hydrocarbon fuels. Combustion product analysis studies have monitored a large number of intermediate products in the ignition of even relatively small hydrocarbons.
As a result, extended chemical models have been proposed in order to explain autoignition behavior.
For fuels such as heptane and isooctane a comprehensive chemical mechanism has been developed which incorporates some 212 species and 1530 reactions (24) I
B. END-GAS AUTOIGNITION -ENGINE KNOCK
Since knock in spark-ignition engines is caused by end-gas autoignition, a large number of experimental and modelling studies on the autoignition of hydrocarbons have been carried out to better understand knock processes. Fuel structure effects are also observed to be of particular importance (25), and the time for autoignition has been found to be a monotonic function of the Research Octane Number (RON) in investigations of engine knock (24) (RON is a measure of knock susceptibility in internal combustion engines, where higher numbers imply slower ignition times).
End gas conditions for autoignition involve high pressures (20-30 atm) and temperatures in the range of 225-825 0 C.
The end gas typically experiences a rapid change in temperature (approximately 500 °C) within 40 ms -not unlike the experimental conditions in the present study. At higher pressures, an additional route for radical chain branching becomes increasingly important (26) [91
In their recent study of n-butane and isobutane combustion Wilk et al. (27) also concluded that the isomerization reactions of RO 2 -radicals are important for chain branching in the case of n-butane. In contrast, for isobutane chain branching depends upon 110 -reactions, which occur at higher temperatures and lead to the observed higher Research Octane Number.
Various modelling approaches have been attempted in order to describe the intermediate temperature and high pressure conditions of engine knock. These include empirical relations, comprehensive kinetic models (as the example cited above), and models which include only rate-limiting reactions (28).
The predictions of reduced chemical kinetic mechanisms with detailed mechanisms have been compared for the combustion of n-pentane and iso-octane (29).
For such intermediate .ize hydrocarbon fuels. autoignition has bc ldescribed in terms of degenerate chain branching, a negative temperatu'-e coefficient region, and a two-stage ignition process (22, 28, 30) .
Despite the different pressure regime, many of the chemical models used to describe engine knock are based upon experimental studies of hydrocarbon oxidation carried out at atmospheric pressure and at temperatures of 425-725 'C (21,23,30-32). Models developed from these investigations have then been extended to the conditions appropriate for engine knock. Temperature effects are found to be much more important than the influence of varying pressure (26).
Both these experiments and the modelling descriptions of engine knock can be informative in trying to predict the autoignition behavior of hydrocarbons.
In his study of n-heptane oxidation at atmospheric pressure, Morley (30) has discussed the key chemical stages as follows:
T > 725 °C:
alkyl radicals decompose and H atom reactions dominate; 2. T = 575-725 °C: HO,* abstraction and H.0 2 decomposition processes are significant; and 3. T < 575 °C:
peroxy radicals (R0 2 -) control the chemistry.
The earlier models of hydrocarbon oxidation emphasized high-temperatureprocesses and concluded that the low-temperature .reactions had no effect upon the calculated autoignition times for end-gas conditions (22,23,26,32). More recently, however, it has been recognized that this description is oversimplified (24) and that "even if the actual autoignition occurs at high temperatures, the reactions taking place at low temperatures play a very important role in governing whether or not it will occur by generating heat and intermediate products" (30). Since autoignition does not occur until the fuel is consumed (24), all of the oxidation kinetics in the 225-725 °C region must be included.
A key question is whether the low-temperature chemical reactions (1) act to form intermediate hydrocarbons which precondition the gas mixture and subsequently lead to autoignition or (2) whether they simply provide sufficient heat to initiate high temperature autoignition processes (33).
No simple predictive model or straightforward approach has yet been developed for calculating autoignition behavior as a function of fuel type for hydrocarbons. Some insight has been gained on the expected role of stoichiometry for gas phase autoignition, although the calculated autoignition times (34) and the measured shock tube ignition delay times (35) depend in a complex manner upon temperature, pressure, and stoichiometry.
Smith et al. (26) predict that the autoignition temperature of a hydrocarbon fuel should decrease slightly for richer conditions, due to the role of low temperature chemical reactions (additional fuel leads to more H 2 0 2 and thus further chain branching via Reaction [8] ).
However, Lifshitz et al. (36) point out that hydrocarbon fuels are expected to inhibit their own ignition.
Smith et al. (26) agree with our experimental findings, which show a small decrease in the measured autoignition temperature of most hydrocarbons for rich conditions (see Table 1 ). In terms of fuel structure effects, for conditions of 1, -0.5-1.5 (i.e., fuel lean to fuel rich) Pitz and Wctbrook (22) found no change in the ranking of radical + fuel reactions for a number of hydrocarbons,
In the combustion literature on tite knocking tendencies of hydrocarbons, the early compilation of Lovell (25) stands DIL as an excellent summary of observed fuel structure effects; the data cre preseonted in terms of the measured critical compression ratio req,.red for knock to orcur.
In addition, the following observations concerning fuel structure effects upon autoignition times have been explained in terms of specific chemical steps. For comparison with our experimental temperature measurements, shorter times should correlate with lower autoignition temperatures.
1.
Straight-chain hydrocarbons < branched chain molecules (21); octane < iso-octane (23), also found in experimental measurements of shock tube ignition delay times (37). Our data are limited to a comparison of iso-octane and n-octane; iso-octane is found to be more resistant to autoignition, as expected.
2. Laminar flame speed faster for propylene than for propane (38);
propylene more reactive than propane for T > 375 0C (39). In contrast, we observe generally higher autoignition temperatures for propylene.
3. N-butane < iso-butane < propane; similar to trend for critical compression ratios (26); Research Octane Number: butane < iso-butane < propane (22).
In agreement, we observe generally lower autoignition temperatures for n-butane than for propane (the nickel surface is an exception). 4. Acetylene < ethane < ethylene < methane -(40).
In general agreement, we find that autoignition temperatures for these fuels lie in the order acetylene < ethylene < ethane < methane.
Alkane isomers can often be ranked with the critical compression ratio
by the relative production of iso-butene (31). We have insufficient data to comment on this point.
